In this paper a method of determination of Pd in a carbon-palladium film (C-Pd film) deposited on a quartz substrate is presented. This method is based on energy dispersive X-ray spectroscopy (EDX) and all experiments were performed using a scanning electron microscope (SEM) equipped with EDX system. Qualitative and quantitative analyses were carried out for C-Pd films prepared by PVD method in different technological conditions. It was shown that results of the experiments depended on the structural model, film thickness and electron beam energy used for Pd content calculation.
Introduction
Palladium is an element which exhibits strong sorption properties compared to hydrogen. Hydrogen absorption by palladium leads to formation of palladium hydride in gaseous environment. The resulting compounds are characterised by poor stability and good reversibility [1] [2] [3] [4] . Different carbon nanomaterials also react to gas containing hydrogen with different concentrations. For carbonpalladium films it can be assumed that C-Pd films exhibit combined sorption properties of palladium and carbon in various allotropic forms in hydrogen-containing gaseous environment. Studies conducted so far indicate that the reactivity of C-Pd films to hydrogen and its compounds depends on palladium content in the film which mostly varies depending on the PVD process by which such films are obtained. The results of our study suggest that the reactivity of C-Pd films to hydrogen and its compounds depends on palladium content in the * E-mail: joanna.rymarczyk@itr.org.pl film as a result of the technological conditions during the PVD process by which the films have been obtained [5] [6] [7] .
Quantitative and qualitative analyses of the composition of C-Pd films obtained under different process technological conditions were carried out using scanning electron microscopy and X-ray spectrometry. Scanning electron microscope with field emission is one of the most popular instruments used for determining parameters of thin films and layers. The great advantage of this type of microscope is the capability of operating at very low accelerating voltages (less than 2 kV) with a high resolution of 1.5 nm. Thus, it is possible to study a surface morphology with low roughness which is not possible in the case of conventional scanning electron microscope with tungsten cathode [8] .
In our previous studies, the analysis of the Pd content was performed by atomic absorption spectroscopy (AAS) with a monochromatic lamp at 232 nm. The films were dissolved in toluene and then dried. The dry powder was used to preMethod of determination of palladium concentration for C-Pd nanostructural films. . .
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pare a solution based on HNO 3 . This solution was again dried and the resulting powder was used for AAS analysis. The disadvantage of this method is destruction of the film. Additionally, using this method we get an averaged result, without any information about the morphology of the layer. The correct designation of palladium content is important in terms of properties of the C-Pd films. On the basis of the knowledge of the film composition it can be inferred about reactivity of hydrogen.
Experimental details
Composite C-Pd films described in this paper were obtained by PVD process based on thermal evaporation of two starting materials, fullerene (C 60 ) and palladium acetate, placed in separate containers and heated resistively to temperatures corresponding to their melting points. The processes were carried out in dynamic vacuum (10 −3 Pa) so as to enable deposition of the starting materials in gaseous form on the quartz substrate placed at a distance of d = 60 mm from the source. Different melting points of palladium acetate and fullerene and differences in vapour condensation and crystallization give rise to films of different structural topography and morphology [9] . As a result of the partial decomposition of fullerene and palladium acetate, a nanocomposite film of Pd nanocrystals embedded in a carbonaceous matrix is formed. The matrix is composed of amorphous carbon [10] .
The technological parameters of preparation of C-Pd films, as discussed in this article, are shown in Table 1 . whole surface.
The topography and composition of the PVD films were studied by field emission scanning electron microscopy (SEM) (JEOL-JSM 7600F) with Schottky cathode working at an accelerating voltage of 0.1 -30 kV. The beam current of the microscope obtained using a new FEG hot cathode was very stable (0.8 %/8 h) which was very important when performing quantitative analysis. In addition, the microscope was equipped with energydispersive X-ray spectroscope (INCA250, Oxford). It was possible to carry out qualitative and quantitative analyses in micro-areas for such elements from B to U. Thus, it was possible to determine the percentage of palladium in the C-Pd film.
Quantitative and qualitative analyses of the C-Pd films were carried out in the following conditions: 
SEM and EDX test results
The SEM images for the C-Pd films obtained by PVD process are shown in Fig. 1 . The previous studies showed that C-Pd films were composed of palladium nanograins embedded in carbonaceous matrix. The palladium nanograins had a diameter of a few nanometers [10] and were invisible on the SEM images. In the images formed by secondary electrons, surface topography is the source of contrast. SEM images show that all samples have different topography. For the film 1 (Fig. 1a) , which is very smooth, the contrast derived from grain boundary carbon-palladium is minimal, and therefore the image does not show any explicit details. The surface roughness of Sample 1 is very low. Due to the low contrast of the SEM image, it was not possible to carry out an accurate measurements of the size of particles forming film 1.
The SEM image of the surface of Sample 2 (Fig. 1b) shows the clusters of carbon-palladium grains. This film is characterized by much greater surface roughness than film 1, and therefore, its topographic contrast is significantly higher. The dark boundaries separating particular carbon-palladium grain clusters can be clearly distinguished. This agglomerates have a diameter of 100 -200 nm.
Sample 3 has the most developed surface. SEM image (Fig. 1c) shows that the film is built of grains The qualitative and quantitative analyses of the C-Pd films were carried out by EDX method at different accelerating voltages. The minimum accelerating voltage, and thus the incident electron energy, must be such that it could excite all the elements included in the film. It must be greater than the critical excitation energy of the X-ray line elements in the film. With the optimum excitation conditions, the incident electron energy (E 0 ) should be greater than the maximum excitation energy of the X-ray lines (E c ) of the film. For tests to be carried out at low energies of incident electrons (low accelerating voltage), the overvoltage may be E 0 /Ec > 1.1 [11] .
As concluded from the EDX spectra analysis, the C-Pd films are composed of carbon, oxygen (K-series peaks) and palladium (Lseries peaks) [12] . E c values for the elements contained in the C-Pd films are as follows: E c (CKα) = 0.277 keV, E c (OKα) = 0.525 keV, E c (PdLα) = 2.838 keV. In the case of C-Pd films, the greatest value of E c has a PdLα line, so that the value of E 0 /E c = 4/2.838 = 1.41 is perfectly acceptable. This means that the voltage of 4 kV is suitable for reliable quantitative analysis of our samples. Fig. 2 -4 show the EDX spectra recorded for C-Pd films at different accelerating voltages. For the voltage of 4 kV the spectra show the peaks of the C-Pd films which were slightly oxidized. The peak of the substrate (SiO 2 ) is not visible on all the spectra. This means that the X-rays have been excited only within the film. At higher acceleration voltages, the depth at which the characteristic X-ray excitation occurs is greater. For Sample 1 at the voltage of 7 kV there is an additional peak of silicon originating from the quartz substrate. With higher accelerating voltage (10 kV and 15 kV), the intensity of silicon and oxygen peaks is greater (Fig. 2) . The situation is similar for Sample 2, but lower PdLα peak intensity indicates that the concentration of this element in the film is lower (Fig. 3) . In the case of Sample 3, at the voltage of 7 kV the peak of quartz is not visible (Fig. 4) . This means that this film has the greatest thickness.
For quantification of components of the film by X-ray microanalysis, the intensity of the peaks corresponding to the constituent elements in the film is proportional to their concentration by weight. The complexity of the interactions of characteristic X-rays with the film components requires that these values were corrected to the actual concentration of these elements. The most common methods of correction in quantitative microanalysis are ZAF and Phi-Rho-Z correction methods [13] . The quantitative microanalysis control method -INCA -is provided with a correction algorithm called "XPP", developed by Pouchou and Pichoir [14] , which ensures a high level of confidence of the results.
The quantitative analysis results for the C-Pd films obtained at different accelerating voltages are shown in Table 2 for Sample 1, Table 3 for Sample 2 and Table 4 for Sample 3. The results of the quantitative analysis for Samples 1 and 2 carried out at a voltage of 4 kV reflect the actual concentrations of the elements in the films. At a voltage equal to 7 kV the results begin to diverge from the actual concentrations of these elements. When the analysis is carried out at a voltage greater than 4 kV, the infinite layer thickness is measured and Pd content is decreasing. The Sample 1 is the thinnest; for a thicker film the accelerating voltages should be different. Composi- The operator should be capable of choosing the most appropriate measurement parameters and correctly interpreting the results because the quantita- tive analysis does not include the option of testing the composition of thin films.
Analysis of the results shows that in the case of Samples 1 and 2 a significant difference in the percentage of palladium was obtained when the electron beam penetrated the substrate, i.e. between 7 kV and 10 kV voltage. In the case of Sample 3 we can observe significant differences for the beam energy of 4 kV and 7 kV. For both voltages the peak of the quartz is not recorded, both results include only the content of the film. This means that in case of films thicker than 300 nm (at the appropriate technological parameters of PVD process), during the deposition of C-Pd film on the substrate, segmentation of the components of the film takes place. The method of determination of Pd in the carbonpalladium film based on EDX, presented in this article, has enabled the discovery of the phenomenon of self-organisation layers in a film during the deposition.
The multi-layer film composed of carbonpalladium layers and the method of its preparation has been reported by us as a patent application [15] .
To illustrate the depth of electron penetration into the investigated material, different accelerating voltages were used for Monte Carlo simulations. For this purpose, CASINO (CArlo SImulation of elektroN trajectory in sOlids) software was used [16] . According to the parameters of the model, the film has a thickness of 200 nm. Results of simulations at different accelerating voltages are shown in Fig. 5 . Secondary electrons are shown in blue whereas the back-scattered electrons are shown in red. If the film thickness is 200 nm (marked in Fig. 5 for each accelerating voltage with a red dashed line) at a voltage of 4 kV, all dispersion electrons are confined to the film. The depth of the X-ray excitation is slightly smaller than 200 nm, the image of this simulation confirms the conditions of the actual measurements carried out at a voltage of 4 kV. At higher voltages, the stronger the excitation signal from the substrate, which is SiO 2 , the higher the excitation voltage to accelerate the X-rays. The spectra contain an additional peak originating from Si with the intensity increasing as the accelerating voltage increases.
Conclusions
Our research has shown that C-Pd films have different topography and palladium content (%), depending on the technological conditions of the underlying process. The analysis of thin films by X-ray microanalysis provided information on the thickness of the films.
In all C-Pd samples, the study of accelerating voltage of 4 kV and the characteristic X-ray have been excited only within the film. When the accelerating voltage was increased to 7 kV, an additional peak originating from the substrate for Samples 1 and 2 appeared. It means that the thicknesses of these films were smaller than 500 nm and in this case the substrate was excited. In case of the Sample 3, there was a strong segregation of palladium at the surface of the film, resulting in an increase in its concentration for the measurement at a 4 kV accelerating voltage.
It is not always possible to apply such conditions of the analysis and one should be aware that the results obtained at higher voltages may contain additional peaks originating from the substrate and this gives inaccurate values of concentrations of the film components, and the higher the voltage is applied, the greater the error.
Additionally, our studies show that the morphology of C-Pd films has a major impact on its topography. Differences in topography between the films are clearly visible. The thickest film (Sample 3) with the smallest percentage of palladium has the most developed surface. The composition of this film is not homogeneous at different depths. The thinnest sample with the highest content of palladium (Sample 1) is more uniform and has a smooth surface. Larger palladium content difference with respect to carbon and the increase in thickness of the layer affects the formation of the grains on the surface. It causes the formation of sublayers with increased content of palladium.
